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Background:MicroRNAs have not been studied in the pineal gland, the source of circulating melatonin.
Results: The pineal miRNA population is profiled; developmental and tissue-specific patterns are described. The data suggest
miR-483 perturbs melatonin production by promoting destruction of the Aanat transcript.
Conclusion:miR-483 plays a physiological role in controlling melatonin synthesis.
Significance: Pathophysiological changes in pineal miR-483 could alter melatonin synthesis.

MicroRNAs (miRNAs) play a broad range of roles in biological
regulation. In this study, rat pineal miRNAs were profiled for the
first time, and their importance was evaluated by focusing on the
main function of the pineal gland, melatonin synthesis. Massively
parallel sequencing and relatedmethods revealed themiRNApop-
ulation is dominatedby a small groupofmiRNAsas follows:�75%
is accounted for by 15miRNAs; miR-182 represents 28%. In addi-
tion to miR-182, miR-183 and miR-96 are also highly enriched in
the pineal gland, a distinctive pattern also found in the retina. This
effort also identified previously unrecognized miRNAs and other
small noncoding RNAs. Pineal miRNAs do not exhibit a marked
night/day difference in abundance with few exceptions (e.g. 2-fold
night/day differences in the abundance of miR-96 and miR-182);
this contrasts sharply with the dynamic 24-h pattern that charac-
terizes the pineal transcriptome. During development, the abun-
dance of most pineal gland-enrichedmiRNAs increases; however,
there is a marked decrease in at least one, miR-483. miR-483 is a
likely regulator of melatonin synthesis, based on the following. It
inhibits melatonin synthesis by pinealocytes in culture; it acts via
predicted binding sites in the 3�-UTR of arylalkylamine N-acetyl-
transferase (Aanat) mRNA, the penultimate enzyme inmelatonin
synthesis, and itexhibitsadevelopmentalprofileopposite to thatof
Aanat transcripts. Additionally, a miR-483 targeted antagonist
increased melatonin synthesis in neonatal pinealocytes. These
observations support the hypothesis that miR-483 suppresses
AanatmRNAlevelsduringdevelopmentandthat thedevelopmen-
tal decrease inmiR-483 abundance promotesmelatonin synthesis.

This report is of special interest in the broad area of chrono-
biology because it represents the first analysis of miRNAs2 in

the pineal gland, a vital component of vertebrate biological tim-
ing as the source of circulating melatonin, the hormone of the
night.
miRNAs are small ribonucleotide molecules (19–23 nucleo-

tides) that have broad roles in biology, including neuronal seg-
mentation and tissue development (1), and are necessary for the
appropriate and correct regulation of a diverse range of gene
expression. miRNAs act through post-transcriptional (2, 3)
interactions with their mRNA targets to control mRNA stabil-
ity and protein translation (3, 4). It is thought that the more
complementary the miRNA is to the transcript, the more likely
the transcript will be degraded. Inmetazoans, the target sites of
miRNAs are most often found in the 3�-untranslated region
(3�-UTR) of protein-coding genes (5, 6); in addition, evidence
for the existence of sites within protein coding regions of
mRNAs also exists (7).
Synthesis of miRNAs is generally similar to that of mRNAs,

in that primary miRNAs are most commonly derived from
RNA polymerase II-generated transcripts (8, 9) and contain
poly(A) stretches that are necessary for correct processing and
regulation (8, 10). Primary miRNAs are processed in the
nucleus by DROSHA/DGCR8 (DiGeorge syndrome critical
region 8) to release precursor miRNAs. Precursor miRNAs are
exported to the cytoplasm by exportin-5 before being further
processed by the RNase III nuclease DICER (reviewed in Ref.
11). An alternative source of miRNAs is the processing of
introns into mature miRNAs, a number of which are processed
by DICER-independent mechanisms (12). The importance of
miRNAs is indicated by the observation that deletion of DICER
results in embryonic lethality (13) and that knockdown of
DICER in the retina results in an inability to sense light and
causes malformation of neuronal progenitor cells (14).
The question of the role of miRNAs in the rodent pineal

gland is of potential importance in the context of development
and regulation. Developmental and regulatory studies have
identified large changes in both the pineal transcriptome and
proteome (15, 16), including 2- to �100-fold daily changes in
hundreds of transcripts (17). These changes impact many cel-
lular functions, most relevant being the synthesis of melatonin
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(tryptophan3 hydroxytryptophan3 serotonin3N-acetylse-
rotonin3melatonin) and the regulation of this pathway (18).

The daily rhythm in melatonin synthesis is controlled by a
neural mechanism, which acts through a transmitter/second
messenger system to regulate the penultimate enzyme in this
pathway, arylalkylamine N-acetyltransferase (Aanat). Aanat is
of special interest and importance because it acts as the molec-
ular neuroendocrine transducer at the interface of synthesis
and regulation of physiological melatonin levels (19). Tran-
scripts encodingAanat are not detected in the pineal glanduntil
the end of gestation; their abundance increases thereafter (20,
21). In the adult, the abundance of Aanat transcripts changes
more than 100-fold on a 24-h basis; the increase in Aanat pro-
tein and activity at night is responsible for the nocturnal
increase in melatonin production and in levels of circulating
melatonin (18).
The investigations described in this report were designed

to achieve two goals. The first goal was to profile the miRNA
population in the adult pineal gland and to determine
whether it exhibits large daily or developmental changes;
this was of interest because of the possibility that 24-h
and/or developmental changes in miRNAs might generate
changes in mRNAs and their encoded proteins. This profil-
ing would also reveal whether the pineal miRNA population
was similar to that of retina, both of which are thought to
have evolved from a common ancestral photodetector (22);
such similarity exists for genes dedicated to signaling and
transcriptional regulation in these tissues but not elsewhere.
Similar miRNA profiles might represent conserved regula-
tory roles (17). The second goal was to determine whether
the melatonin pathway is an miRNA target. The results of
this effort are presented here.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents

Chemicals and reagents were purchased from Sigma, unless
otherwise stated.
Animals and Tissues—Pineal glands and other tissues were

obtained from Sprague-Dawley rats (female, 180–250 g; Tac-
onic Farms Inc., Germantown, NY). All animals were entrained
to a 14:10 light/dark cycle for at least 1 week. For miRNA
sequencing (miRNA-Seq), pools of six pineal glands were used;
the day pool was obtained at Zeitgeber time (ZT) 7 and the
night pool at ZT 19. The circadian nature of the RNA purified
from these tissues was assessed bymeasuring the level ofAanat
transcripts using quantitative real time-PCR (qRT-PCR) as
described below (supplemental Fig. S1). The ages of animals
used for developmental studies are given in the legends of Figs.
5 and 6. Euthanasia during the dark period collections were
performed using a dim red light. Animal use and care protocols
were approved by local ethical review and were in accordance
with National Institutes of Health guidelines.

miRNA Sequencing

RNA Extraction and Sequencing—Total RNAwas purified in
amanner to recover the small RNA component usingmiRVana
columns (Invitrogen), according to themanufacturer’s instruc-
tions. The RNA was subsequently treated with TURBO DNA-

free DNase (Invitrogen) for 15 min at room temperature. RNA
quality was assessed using a Bioanalyzer (Agilent Technologies,
Wilmington, DE); RNA integrity number values were deter-
mined to be �9. Library preparation was performed according
to the Small RNA Sequencing Version 1.5 Alternative Protocol
(Illumina, San Diego). In this procedure, pre-adenylated RNA
adaptors are ligated to the 3� end of the small RNAs, followed by
ligation of a second RNA adaptor to the 5� end. Reverse tran-
scription was performed using a primer against the 3� adaptor.
The cDNA product was subsequently amplified by 15 PCR
cycles. An�90–98-bp band, corresponding to an original small
RNA size of 18–26 nucleotides, was gel-purified and applied to
the cluster generation station. The slide was run on an Illumina
GAII system for 35 cycles using the small RNA sequencing kit
(Illumina). Library preparation and sequencing were done by
the National Institutes of Health Intramural Sequencing
Center.
Alignment of Small RNAs to Known miRNAs—The FASTQ

sequence files were parsed (using the supplied perl script in the
miRanalyzer package (23)) to reduce the read length to 26 bases,
removing most of the adaptor introduced during library prep-
aration. Unique reads were counted, and reads that did not
meet a median phred quality score of 20 and occurred less than
10 times were discarded (23). The parsed file was searched
against miRBase and transcript databases, including RefSeq
and Rfam, and against the rat genome (rn4) using miRanalyzer
(23). The miRNA read counts were normalized to the total
number of reads to account for differences in cloning efficiency,
thus allowing differential miRNA expression to be calculated.
miRNAs identified by miRanalyzer were confirmed by use of
the miRDeep2 algorithm using default settings as described
previously (24). In silico folding of candidate miRNA hairpin
sequences was performed using the UNAfold implementation
of the Mfold algorithm (25).
Alignment of Small RNAs to the Rat Genome—The FASTQ

files were aligned to the rat genome (rn4) with Novoalign using
the adaptor stripping function to remove the standard Illumina
3� adaptor sequence, with 1-base iterations; reads smaller than
17 bases were ignored. The alignment files (in SAM format)
were sorted using SAMtools (27). Coverage plots of the
aligned reads were calculated using the genome Cover-
ageBed program, in BEDTools (28), for display in the UCSC
genome browser. The miRNA-Seq data are deposited at the
NCBI short read archive (SRA) under the accession number:
SRA049977.

Bio-informatics, miRNA Target Prediction

miRNA targets were predicted using TargetScan (6), a data-
base of miRNA:targets that considers evolutionarily conserved
regions in the 3�-UTRs to refine the predictions. For 3�-UTRs
not present in TargetScan, RNA22 (30) was used to search indi-
vidual miRNAs against selected targets. Manual miRNA:target
predictions were performed by searching for the miRNA seed
(obtained from TargetScan (6)) within the 3�-UTRs obtained
from the UCSC table browser (31), allowing for G:U wobbles
(32).
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Locked Nucleic Acid (LNATM)-Northern Blotting

A 1-�g sample of total RNA, extracted as described above,
was subjected to PAGE on a 15%TBE-urea gel (Invitrogen) and
transferred to Nytran Hybondmembrane (GEHealthcare). For
high abundance miRNAs, standard UV cross-linking was used.
Low abundance miRNAs were cross-linked with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (33). The membrane was
blocked and incubated with the LNATM-Biotin probe and pro-
cessed using the nucleic acid detection kit (Pierce) before being
developed using Strep-HRP and enhanced chemiluminescence
(ECL). LNATM-miRNA probes were designed by creating a
5�-biotin labeled DNA oligonucleotide, replacing every third
basewith a LNATMbase as described inRef. 34 (see supplemen-
tal Table S1 for sequences). LNA oligonucleotides were synthe-
sized by Integrated DNA Technologies (Coralville, IA).

qRT-PCR

qRT-PCR was performed using cDNA produced by reverse-
transcribing 1 �g of DNase I-treated RNA with random prim-
ers (Roche Applied Science) and Superscript III (Invitrogen)
(50 °C, 1 h). qRT-PCRwas done in a 20-�l reaction using a 1:10
dilution of cDNA, intron-spanning primers, and SYBR Green
Master Mix (SuperArray Biosciences, Rockville, MD) on a
Lightcycler 480 System (Roche Applied Science). qRT-PCR
primers used for Aanat mRNA are described in supplemental
Table S1.

TaqMan qRT-PCR

TaqMan assays (Invitrogen) were performed according to
the manufacturer’s instructions. Total RNA, including the
miRNA component, was extracted using miRVana columns
(Invitrogen). 10 ng of total RNA was reverse-transcribed using
the TaqMan MicroRNA reverse transcription kit (Invitrogen).
qRT-PCR was performed on a 1:15 dilution of the cDNA using
TaqManUniversal PCRMastermix, no AmpErase UNG (Invit-
rogen). TaqMan miRNA probes directed to miR-183, miR-96,
andmiR-182 (Invitrogen) were used according to themanufac-
turer’s instructions. Relative quantitation was performed using
Lightcycler 480 software (Roche Applied Science).

QuantiMiR qRT-PCR

QuantiMiR qRT-PCR (Systems Biosciences, Mountain
View,CA) assayswere performedon total RNA (1�g) extracted
as described above; poly(A) tailing was performed using the
manufacturer’s instructions. qRT-PCR was performed with
1:10 dilutions of reverse-transcribed material, and Absolute
BlueMasterMix was used for qRT-PCR (Thermo-Fisher, Pitts-
burgh, PA). The identity of themiRNAwas verified by resolving
the PCR on a 3% agarose gel and then extracting, cloning, and
sequencing the �60-bp band. The sequence-verified clone was
used as a standard for absolute quantitation, using the Lightcy-
cler 480 software (Roche Applied Science). Primers are listed in
supplemental Table S1.

Cell Biology Studies

Isolation andCulture of Pineal Cells—Pinealocytes were pre-
pared as described previously (35) from Sprague-Dawley rats

sacrificed from ZT 4 to 7. Pinealocytes from 2-day-old animals
were prepared as described above. Approximately 80,000 cells
were added to each well of a Corning poly-D-lysine-coated
96-well plate (VWR, Radnor, PA). Transfected pinealocytes
were cultured in a table-top incubator with 95%O2, 5%CO2 for
the indicated time at 37 °C in complete Dulbecco’s modified
Eagle’s medium (10% fetal calf serum (FCS), 50 �g/ml penicil-
lin/streptomycin with 2.5 mg/liter amphotericin B containing
0.1% ascorbic acid, and 25 mM HEPES, pH 7.3). Pinealocytes
were treated with norepinephrine (NE, 10 nM) to elevate mela-
tonin synthesis; treatment duration periods are given in the
figure legends.
Culture of HEK293 Cells—HEK293 cells (ATCC, Manassas,

VA) were maintained in complete media, as defined above, in a
humidified 95% air, 5% CO2 incubator. Cells were seeded at a
density of �15,000 per well, of a 96-well plate, 18 h before
transfection.
Transfection—HEK293 cells were transfected using Lipo-

fectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. Pinealocytes were transfected by electroporation
using an Amaxa NucleofectorTM (Amaxa, Gaithersburg, MD);
�1.5� 106 pinealocytes were resuspended in buffer L and elec-
troporated using the program T-0005. miRNA mimics (pur-
chased from Thermo-Fisher, Pittsburgh, PA) were used at 10
nM. The miRNA mimics used were as follows: C-320445-06-
0005, MIMAT0000860, C-320575-01-0005, and C-320339-0-
0005 formiR-483,miR-183,miR-182, andmiR-96, respectively;
CN-001000-01 was used as the control mimic. The miR-483
inhibitor (MIMAT0003121, Thermo-Fisher) was used at 10 nM
and transfected as described above. The negative control inhib-
itor used was “control 1,” IN-001005-01 (Thermo-Fisher).
Aanat 3�-UTR Experiments—The 3�-UTR of the Aanat tran-

scriptwas cloned into amodified version of the psiCHECKTM-2
vector (Promega, Milwaukee, WI) that had AgeI and SalI
restriction sites introduced into themultiple cloning site. Total
RNA derived from the rat pineal gland was converted to cDNA
and used for all 3�-UTR PCRs. The primers used to clone the
Aanat 3�-UTR and introduce mutations at the predicted miR-
483 binding site in theAanat 3�-UTR are given in supplemental
Table S1.
The abundance of the Aanat 3�UTR was estimated by mea-

suring Renilla luciferase activity normalized to the firefly lucif-
erase activity driven by the HSV-TK promoter (psiCHECKTM-
2). Luciferase activities were measured using a TriStar LB941
plate reader (Berthold Technologies, Oak Ridge, TN). Briefly,
cells were lysed in 75 �l of passive lysis buffer (provided by the
manufacturer) and 25 �l of lysate was measured after addition
of 100�l of substrate solution. The integration time for record-
ing luciferase activity was 10 s.

Biochemical Measurements

N-Acetylserotonin and Melatonin—Media samples (50 �l)
were prepared for analysis by the addition of 2.5 volumes of
methanol. After 2–18 h (�20 °C), the media were centrifuged
(4,500 � g, 1 h, 4 °C). The supernatant was transferred to an
amber vial (Sun SRI, Rockwood, TN), and the methanol con-
centration was adjusted to 50%. A 30-�l aliquot of the resulting
sample was applied to a 3.5-�m Zorbax C18 column (Agilent
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Technologies) and run on an HPLC under isocratic conditions
(50% methanol, 0.1% formic acid). The eluate was continually
analyzed on line in an Applied Biosystems QTrap in positive
multiple reactionmonitoringmode using the following ion pair
parameters: N-acetylserotonin (219.2/160.2) and melatonin
(233.2/174.2). A standard curve was created by adding known
amounts of indoles to complete culture media; these were pro-
cessed with the samples.
Aanat Activity—Aanat activity in pinealocyte lysates was

measured by a radioenzymatic method (36). Briefly �50,000
washed pinealocytes were resuspended in 25 �l of 100 mM

sodium phosphate buffer, pH 6.8, supplemented with 40
units/ml RNasin (Promega, Milwaukee, WI), 1� CompleteTM

protease inhibitors (RocheApplied Science), 0.2mMNaVO4, 10
mM �-glycerol phosphate, 10 mM NaF, and 100 nM cyanobac-
terial hepatotoxin microcystin-LR (Calbiochem). The lysate
was sonicated briefly before addition of 75 �l of reaction buffer
containing 100 mM sodium phosphate buffer, pH 6.8, 10 mM

tryptamineHCl, and 0.5mM tritiated acetyl-CoAwith a specific
activity of 4 mmol/mol. Tritiated acetyl-CoA (200 mCi/mmol,
PerkinElmer Life Sciences) was diluted with acetyl-CoA
(Moravek Biochemicals, Brea, CA) to 2 mM. The 100-�l reac-
tion volumewas incubated (37 °C, 20min), and the reactionwas
stopped by addition of chloroform (1 ml). After a brief centrif-
ugation, the aqueous phase was removed, and the chloroform
was washed twice with 200 �l of 0.1 N NaOH. A 0.5-ml aliquot
of the chloroform extract was transferred to a scintillation vial
and evaporated (30 °C); following addition of 7 ml of Bio-
SafeTM scintillant (Research Products International, Mount
Prospect, IL), and radioactivity was determined (LS6500 Scin-
tillation Counter, Beckman, Fullerton, CA).
Statistical Analysis—Data are presented as the mean � S.E.

for the indicated number of determinations. Statistical analyses
were performed using Student’s t test for pairs of data and one-
way analysis of variance (ANOVA) for time series data contain-
ing one measured variable where indicated (GraphPad Prism,
La Jolla, CA). Experimental series containing more than one
group were assessed using a two-way ANOVA, with a Bonfer-
roni post hoc test on each group (GraphPad Prism).

RESULTS

Day and Night miRNA Profiles Are Nearly Identical—A total
of�14.3million aligned reads (�8.3million reads fromday and
�6 million reads from night) revealed the presence of �370
miRNAs in the rat pineal gland; this provided sufficiently deep
coverage to allow accurate quantification ofmiRNAs, including
the unambiguous identification of �300 miRNAs (see supple-
mental Table S2). The profiles of themiRNApopulations in the
ZT 7 (midday) and ZT 19 (midnight) samples are similar (Fig.
1A). Over 84% of the reads align to known rat miRNAs (miR-
Base version 18); an additional �12% align to regions of the
genome composed of repetitive sequences, making it impossi-
ble to map their exact location. Between 3 and 4% of the reads
align to the star form or other region of the known miRNA
hairpin. Approximately 0.8% of the aligned reads are identified
as candidate miRNAs that correspond to known mouse and
human miRNAs, small structured RNAs, including snRNAs,

small nucleolar RNAs, tRNAs, or previously unreported “novel”
miRNAs.
The most abundant 75 miRNAs account for �98% of the

total miRNA population (combined ZT 7 and ZT 19 counts,
Fig. 1B); furthermore, 15 miRNAs account for 75% of the reads
(table inset in Fig. 1B). Comparison of day and night levels of
expression of miRNAs did not reveal �2-fold night versus day
differences in the abundance of any miRNA (Fig. 1C, inset); the
night/day ratios of the 15 most highly expressed miRNAs are
given in Fig. 1C. Comparison of the results of analysis of the
miRNA-Seq data using miRanalyzer and the miRDeep2 algo-
rithm (24) generated similar results (supplemental Fig. S2).
The miR-183-96-182 Cluster Dominates the Pineal miRNA

Population—The most abundant miRNA is miR-182, which
represents�28% of the totalmiRNApopulation (Fig. 1B). miR-
182 is predicted to be part of a polycistronic miRNA cluster
containing miR-183-96-182 (37), which are three of the four
most abundantmiRNAs in the pineal gland (Fig. 1B). Together,
they represent over 42% of the pineal miRNA population.
Candidate miRNAs—Candidate miRNAs were identified by

miRanalyzer using the following criteria: absence in miRBase,
location of the small RNA in a predicted hairpin-like configu-
ration, and agreement with miRNA prediction models (23). A
total of 34 candidate miRNAs were identified (Table 1), of which
12 were found to be homologous to mouse or human miRNAs,
containing no more than one mismatch. Nine sequences align
to introns of known genes, in the same orientation as the host
gene; these are referred to as “intronic miRNAs” (Table 1). We
also found 13 sequences that lie within a hairpin structure and
do not align with annotatedmiRNAs and thus are referred to as
novel miRNAs (Table 1). To validate the selection methodol-
ogy, the most abundant candidate miRNA from each of these
groups, (miR-3068,miR-6324 andmiR-6331) were subjected to
further analysis. Their predicted secondary structure is given in
Fig. 2; their existence was confirmed by RT-PCR using the
poly(A)-tailing method, “QuantiMiR” (see “Experimental Pro-
cedures”) followed by electrophoretic analysis (Fig. 2B) and
Sanger sequencing (data not shown).
Daily Rhythm in Abundance of the miR-183-96-182 Cluster—

ThemiR-183-96-182 cluster was selected for further analysis to
more fully characterize the dynamics of the 24-h pattern and
possibly detect higher peak expression at times other than ZT 7
by using RNA from glands collected at six time points (ZT 1, 7,
13, 15, 19, and 23). qRT-PCR using TaqMan probes directed
toward miR-183, miR-96, and miR-182 revealed an increase of
�2-fold during the subjective day (Fig. 3). These data are in
agreement with the daily increase revealed by miRNA-Seq and
strengthen the confidence in the overarching indication from
miRNA-Seq analysis that rat pineal miRNAs do not exhibit
large daily differences, greater than 2-fold, in contrast to rat
pineal mRNAs (17).
Enrichment of the miR-183, miR-96, miR-182, and miR-125

in the Pineal Gland Relative to Other Tissues—The relative
expression of a selected set of miRNAs in 11 tissues, represent-
ing both neural structures and peripheral organs, was examined
byNorthern blotting. ThemiRNAs selected includedmembers
of the miR-183-96-182 cluster and other miRNAs abundant in

Pineal miRNAs and Melatonin Synthesis

JULY 20, 2012 • VOLUME 287 • NUMBER 30 JOURNAL OF BIOLOGICAL CHEMISTRY 25315

http://www.jbc.org/cgi/content/full/M112.356733/DC1
http://www.jbc.org/cgi/content/full/M112.356733/DC1
http://www.jbc.org/cgi/content/full/M112.356733/DC1


the pineal gland (miR-124 andmiR-125b); others were selected
based on other considerations, as detailed below.
This analysis revealed a common pattern of expression of the

miR-183-96-182 cluster in the pineal gland and retina.
Although retinal expression of this cluster has been reported
(37), the tissue-selective nature of this pattern has not been fully
realized.
miR-124, which represents 1.2% of the miRNA-Seq reads

(Fig. 1B), was selected for analysis because it is strongly
expressed in neuronal tissue and the retina (37). Our results
reveal a lower level of miR-124 in the pineal gland, as compared
with retina and the cerebellum.
miR-125b (the mammalian homolog of lin-4) is known to be

expressed in neural tissue (38). Here, we found it is more highly
expressed in the pineal gland than in all other tissues examined
(Fig. 4).
miR-16 is a ubiquitously expressed miRNA (39) and was

studied to provide a comparison of miRNA expression levels.
miR-16 is clearly detectable in pineal and all other tissues exam-
ined, although to markedly variable levels.
U6 is a ubiquitously expressed small nuclear RNA, and it was

examined to confirm similar loading of total RNA in all samples
(Fig. 4, bottom panel).
Developmental Changes in Pineal miRNAs—Developmental

studies of the most abundant pineal miRNAs (Fig. 1) were per-

formed using theQuantiMiRmiRNAqRT-PCR system (Fig. 5).
Among these, several exhibited a remarkable increase in
expression of up to �50-fold (miR-182, miR-96, miR-124, and
miR-125b; Fig. 5), characterized by a rapid increase to near
adult levels by 7 to 14 days of age (Fig. 5). This study was
expanded to includemiR-708 (supplemental Table S1), because
it is predicted to target the 3�-UTR of Aanat. It also exhibited a
sharp increase during development similar to that described
above (Fig. 5). miR-16, selected for reasons discussed above,
displayed a small but significant decrease in expression during
development. The small RNA U6 showed no significant devel-
opmental changes (Fig. 5).
miR-483 was studied because, like miR-708, it is predicted to

target the Aanat 3�-UTR and therefore might play a physiolog-
ical suppressive role in controlling the abundance of Aanat
transcripts. miRNA-Seq indicated that miR-483 abundance
was nearly undetectable in the adult; however, the developmen-
tal study indicates that it is �50-fold more abundant in the
neonatal pineal gland (Fig. 6).
miR-483 is an intronic miRNA, located on the same strand

with Igf2 (Fig. 6A). We found both miR-483 and Igf2 transcript
abundance display a rapid parallel decrease during develop-
ment (Fig. 6B).
miR-483 Inhibits Melatonin Production—Selected miRNAs

were tested for their ability to inhibit melatonin synthesis by

FIGURE 1. Distribution of aligned reads cloned from the rat pineal gland. A, distribution (%) of short reads after sequence alignment. Day and Night identify
small RNAs cloned from pineal glands removed at ZT 7 and ZT 19, respectively (light/dark 14:10). Values indicate percentage of total reads after removal of low
quality reads, matches to adaptors, and unique reads that numbered less than 10. miRNA indicates alignment to known rat miRNAs in miRBase version 18.
Repeat regions refer to reads that aligned more than five times to the genome. Mature-star and Hairpin refer to reads that aligned to known star forms and the
miRNA hairpin, respectively. Candidate miRNA indicates potential miRNAs that are not annotated as rat miRNAs in miRBase version 18 and also includes human
or mouse miRNA homologs. Ambiguous hairpin indicates reads that cannot be assigned to exactly one miRNA hairpin. Alignments used to prepare this figure
were created using the miRanalyzer software (23). B, distribution of 98% of all reads that align to miRNAs are as follows: 75 of a total of 376 miRNAs are included.
The inset table presents the number of reads and corresponding percentage (of total reads) for the top 15 miRNAs. C, time of day dynamics of the 15 most
abundant rodent pineal miRNAs. Gray bars indicate miRNAs that increase in the day (ZT 7), and black bars indicate miRNAs that increase at night (ZT 19). The
scatter plot (inset) shows all 364 identified miRNAs after alignment of reads to miRBase version 18, and the results are reported as the normalized number of
reads, day (ZT 7) on the x axis and night (ZT 19) on the y axis.
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cultured pinealocytes; miR-183, miR-96, and miR-182 were
chosen because of their high level of expression. In addition,
miR-483 was selected based on target prediction analysis of the
Aanat 3�-UTR and on developmental changes (Fig. 6B), which
are opposite to those of Aanat levels (20, 21).
In these experiments, melatonin synthesis by cultured pine-

alocytes was elevated by treatment with NE, the physiological
activator of the pineal gland that is known to induce expression
of hundreds of genes, includingAanat (17). The introduction of
miR-483 had significant inhibitory effects on NE-stimulated
melatonin production, when compared with the control (Fig.
7). In contrast, miR-183, miR-182, and miR-96 treatments did
not significantly inhibit melatonin production (Fig. 7).
Investigation of themelatonin-suppressive effect of miR-483

in pinealocytes was extended using a longer NE treatment
period. These experiments revealed that miR-483 reduced the
abundance of Aanat mRNA by �50% (Fig. 8A). The mRNA
level wasmarkedly lower at 6 h, comparedwith the control, and
remained at these reduced levels for 24 h (Fig. 8A). It was found

thatmiR-483 suppressedAanat activity (Fig. 8B), with an�50%
reduction at the 12-h time point, compared with the control
transfection (Fig. 8B). Also, the levels of the product of this
enzyme, N-acetylserotonin, and of the final product in this
pathway, melatonin, were reduced in the media of miR-483-
transfected cells (Fig. 8, C and D).
miR-483 Represses Aanat in Neonatal Pinealocytes, Inhibi-

tion ofmiR-483 Increases Aanat and Indole Synthesis—The role
of endogenousmiR-483 was investigated using a specific inhib-
itor ofmiR-483. Pineal cells were obtained fromP2 animals that
have a naturally high level of miR-483 (Fig. 6B). To eliminate
the effects of endogenous miR-483, a miRIDIAN microRNA
hairpin inhibitor (Thermo Scientific) was used. These inhibi-
tors are chemically modified so as to promote their stability
(40); they suppress levels of targeted miRNAs or otherwise
negate their effectiveness (40). Treatment with this inhibitor
increased Aanat levels in the absence and presence of NE (Fig.
9A). In contrast, a negative control inhibitor directed against a
sequence that is absent from the rat genome had no influence.

TABLE 1
Candidate miRNAs identified by the miRNA analysis program: miRanalyzer (23)
The table consists of three groups of candidatemiRNAs listed as follows: (i) homologous to other species; (ii) intronicmiRNA; and (iii) novelmiRNA. Suggested name refers
to the proposed name for the novel miRNA identified in this study (detected by miRanalyzer). Read count indicates the total number of reads from day and night miRNA
libraries obtained bymiRNA-Seq. Sequence is themost abundant sequence identified. Location refers to the genomic position of the predicted precursormiRNA on the rat
genome. miRNA class reports by group as follows: (i) the miRNA homolog frommouse or human, in the case of miRNAs that have a homolog; (ii) the gene name or NCBI
reference number/RIKEN accession number, where no gene name exists, that contains the intronic miRNA; (iii) this indicates that the miRNA aligned to an unannotated
region of theRattusnorvegicus genome. Strand correlation indicates how the candidatemiRNAaligns to the homolog or, in the case of intronicmiRNA, the annotated gene.
Strand indicates the direction in which the miRNA resides on the genome.

Suggested     
name

Read     
count Sequence (5'-3')

Location in rat                             
genome (rn4) miRNA Annotation

Strand                     
correlation Strand

(i) rno-mir-3068-5p 5,521 ATTGGAGTTCATGCAAGTTCTAACCA chr dnarts emas)esuom( 8603-rim233476111-612476111:6 -
Homologous rno-mir-1839 4,276 AAAGGTAGATAGAACAGGTCTTGT narts emas)esuom( 9381-rim021447731-440447731:1rhcTT d +
to mouse or rno-mir-1843 1,300 AATATGGAGGTCTCTGTCTGACTTA chr6:103413883-103414007 mir-1843 (human/mouse) same strand -

human miRNAs rno-mir-3068-3p 1,288 GGTGAATTGCAGTACTCCA s emas)esuom( 8603-rim023476111-622476111:6rhcCTTACA trand -
(total of 12) rno-mir-3072 514 TGCCCCCTCCAGGAAGCCTTCTT chr6:134429885-134429995 mir-3072 (human/mouse) same strand +

rno-mir-3075 82 TGTCTGGGAGCAGCCAAGGACAAG chr16:1112113- dnarts emas)esuom( 5703-rim5222111 +
rno-mir-1298 72 TTCATTCGGCTGTCCAGATGTA chrX:31139082-31139220 mir-1298 (human/mouse) same strand -
rno-mir-3099 55 TAGGCTAGAAAGAGGTTGGGGA chr1:65425834-65 dnarts emas)esuom( 9903-rim269524 -
rno-mir-344g 50 AGTCAGGCTCCTGGCAGGAGTC chr1:116057440-1 dnarts emas)esuom( g443-rim81575061 -
rno-mir-3102 40 CTCTACTCCCTGCCCCAGCCA chr1:158330139-15 dnarts emas)esuom( p3-2013-rim5720338 -
rno-379-5p 26 TGAACTGTGAGGTGACTCTTGGT chr6:134,395,058- dnarts emas)esuom( 976-rim891,593,431 +
rno-mir-679 10 CAAGGTCTTCCTCACAGTAGC chr6:134395062-134 dnarts emas)esuom( p3-976-rim891593 +

(ii) rno-mir-6324 171 TCAGTAGGCCAGACAGCAAGCAC chr11:36339301-36339421 novel: intronic miRNA (Brwd1) same strand -
Intronic miRNAs rno-mir-6323 61 TGGAACTCCATCTCTGGTCTGTGCA chr11:83302911-83303015 novel: intronic miRNA (A930003A15Rik) same strand +

(total of 9) rno-mir-6327 56 CGGACTGTAGATCCATCTC chr10:69835845-69835977 novel: intronic miRNA (Accn1) same strand -
rno-mir-6315 46 TCTGGACAGGACAGGCCCTGAGC chr1:208708747-208708847 novel: introninc miRNA (NM_001081041.1) same strand -
rno-mir-6318 33 CTGCCTGGCGCAGGGCCTGTAG chr19:35,121,980-35,122,088 novel: within exon (Elmo3) opposite strand -
rno-mir-6328 13 AGGCCTGCTCTGAGCCCCCGC chr20:3032747-3032843 novel: intronic miRNA (2410017I17Rik) opposite strand +
rno-mir-6332 12 CGCAGGGACTGCAAGGAGCCGCA chr5:167512875-167512995 novel: intronic miRNA (Rere) same strand +
rno-mir-6317 11 GTGAACCTGAGAGAAAGGCTC chr1:245709240-245709366 novel: introninc miRNA (ALDH18A1) same strand -
rno-mir-6319 10 TCATTCTCGCTGCTCTGGAGT chr17:40031871-40031997 novel: introninc miRNA (Rsec5) same strand +

rno-mir-6331 275 CTTTGGTGGCTTAGTTCTTTGTGC chr6:13440966 a/nANRim levon587904431-3 +
(iii) rno-mir-6329 131 AATGTGACTCAGCTATCTGAACA chr8:5546 a/nANRim levon90166455-9106 -

Novel miRNAs rno-mir-6325 106 AAAGTCAGACAGAGACTCTGCAG ch a/nANRim levon45219663-41119663:11r +
(total of 13) rno-mir-6322 62 TGTCTGTACCACATGGCACGGT chr a/nANRim levon42496842-60396842:21 -

rno-mir-344i 49 CTCTAGCCAGGGCTTGACTGCA chr1:116,214,994 a/nANRim levon290,512,611- +
rno-mir-6333 18 TAGGCTGGACTTGAACAGCCCGC chr5:154263597- a/nANRim levon707362451 +
rno-mir-6326 15 CTGGTCTGTAAAGGGACACAGCA chr10:62782470- a/nANRim levon08528726 +
rno-mir-6321 14 TACTGCAGTGAGTTCTATGAAGC chr14:21038995- a/nANRim levon53193012 -
rno-mir-6314 13 AGGCACTGACAGATCTGATGGT chr2:204485538-2 a/nANRim levon67658440 +
rno-mir-6334 13 CCAGGCTCTCCCAGCTGCCGGC chr3:145879143-1 a/nANRim levon14297854 -
rno-mir-6316 13 CATGTCTGTCTCTGTGGCACACA chr1:263752193- a/nANRim levon392257362 +
rno-mir-6320 13 TGAACATGCTTGTAATCTCAGCA chr15:45729833- a/nANRim levon35992754 -
rno-mir-6330 10 TATAATGACCAGATCTGGGTCA chr8:110244783-1 a/nANRim levon12944201 -
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Accordingly, these results support the conclusion that endoge-
nous miR-483 controls the abundance of endogenous Aanat
mRNA. The levels of N-acetylserotonin and melatonin were
alsomeasured and showed an increase withmiR-483 inhibition
(Fig. 9, B and C). The relative increase was observed in the
presence and absence of NE.
miR-483 Acts via the Aanat 3�-UTR to Suppress Accumula-

tion of Protein Product—To determine whether miR-483 inter-
acts with the Aanat 3�-UTR, a Dual-Luciferase reporter system
was used with a reporter construct in which the Aanat 3�-UTR
was cloned behind the Renilla luciferase coding sequence. This
reporter was co-transfected into HEK293 cells with miRNA
mimics corresponding to miR-483 andmiR-708 (see schematic
in Fig. 10A). Transfection with miR-483 reduced the normal-
ized Renilla luciferase level by �40% (Fig. 10B); in contrast,

luciferasewas not altered bymiR-708 or a control sequence that
does not correspond to any known sequences. To determine
the specificity of the interaction, the predicted miR-483 seed
region of the Aanat 3�-UTR was mutated (Fig. 10A); this
blocked the effects of miR-483 (Fig. 10B).

DISCUSSION

Pineal miRNA Population

Pineal Gland-enriched miRNAs Display a Nonuniform
Distribution—The pineal miRNA profile is strongly skewed; 15
miRNAs of the 374 miRNAs detected account for �75% of the
total pineal miRNA population (Fig. 1C). This is a small frac-
tion, �4%, of all known rat miRNAs, which is estimated to be
�400 (miRBase Version 18).
In addition to documenting the presence of over 370 known

miRNAs in the pineal gland, our study has also identified can-
didatemiRNAs not previously reported to be present in the rat.
Several of these candidate miRNAs correspond to known
mouse or human miRNAs and can be considered homologs. A
significant number of reads align to intronic regions of anno-
tated genes and also to intergenic regions of the genome.
Therefore, this study provides direct evidence, by sequencing,

FIGURE 2. Candidate miRNA. A, identification. Candidate miRNAs were iden-
tified using the miRanalyzer (23) algorithm as described under “Experimental
Procedures,” and an example from each category is shown: (i) the rat homo-
log of the mouse or human miRNA; (ii) intronic miRNA; and (iii) novel miRNA.
The predicted hairpin structure was calculated using the Mfold algorithm
(25). The mature sequence is highlighted in green and shown under each
hairpin. Full details of identified miRNAs are reported in Table 1. B, PCR evi-
dence. Agarose gel electrophoretic isolation of PCR products obtained from
reactions performed on cDNA synthesized from adult pineal RNA, using the
QuantiMiR system and 30 cycles of PCR, as described under “Experimental
Procedures.”

FIGURE 3. Daily changes in miRNAs in the rat pineal gland. miR-183, miR-
96, and miR-182 were analyzed using a TaqMan probe-based qRT-PCR assay
that showed a daily increase between ZT 7 and ZT 13. Caret indicates a double
plot of ZT 1 to aid visualization of data. Data are presented as the mean � S.E.,
n � 3. Asterisk indicates significantly different (p � 0.05) rhythmic patterns of
gene expression based on a one-way analysis of variance. For further details
see “Experimental Procedures.”
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that these miRNAs exist and extends the list of rat miRNAs
(Table 1).
miRNA Tissue Specificity—Our finding that a dominant

group of miRNAs expressed in the pineal gland was extended
by a direct comparison of RNA isolated from 11 different tis-
sues, representing both neuronal and peripheral structures. Of
the six miRNAs examined, miR-125b is the most pineal gland-
enriched miRNA, despite ranking 12th in absolute abundance
(Fig. 1B). Comparatively, miR-183, miR-96, and miR-182 are
highly enriched in pineal and retina tissue. This finding is sup-

ported by a comparison of miRNA-Seq results presented here
with those published for the mouse retina (41); this reveals that
both miRNA populations are dominated by the miR-183-96-
182 cluster (supplemental Fig. S3 and Table S3). The miRNAs
that are expressed in the pineal gland to a greater degree than in
the retina (when comparing the percentage of each miRNA
population) aremiR-143, miR-379, miR-127, miR-24, miR-30a,
-e, and -d, and let-7f (supplemental Table S3 and Fig. S3). Their
potential targets are listed in supplemental Table S4, but the
functions of these miRNAs in the pineal gland remain
unknown. However miR-143, miR-127, miR-30a, and miR-379
are among the highest expressed miRNAs in the pineal gland
and also show an increase at ZT 19 (Fig. 1C); this is consistent
with the interpretation that they play a role in modulating daily
changes in pineal physiology.
miR-183-96-182Cluster—Co-expression of themiR-183-96-

182 cluster in the pineal and retinal miRNAome is of special
interest because this suggests that they may play similar con-
served roles in both tissues, which are thought to have evolved
from a common ancestral photodetector cell (19, 22). Support-
ing this, miR-183 has been identified in photosensitive regions
of Amphioxus (42), a lower chordate. Interestingly, it has been
shown that mouse retina miR-183 andmiR-96 are elevated fol-
lowing light exposure (41) as is the case in the pineal gland. It is
of interest to note that strategies designed to reduce the func-
tionality of these miRNAs in the retina have been reported to
enhance light-induced damage (43), suggesting that they play a
role in normal retinal physiology.
The miR-183-96-182 cluster occurs within a 3.6-kb se-

quence; miR-182 is located �3.4 kb downstream of miR-183
andmiR-96 that are�200 bases apart. Although the increase of
all three miRNAs during the daytime is similar (Figs. 1C and 3),
the absolute expression values obtained frommiRNA-Seq data
show miR-182 is 3–5-fold higher than miR-96 and miR-183
(Fig. 1C). If this cluster is expressed as a single transcript, it is
reasonable to expect that each miRNA would be present at
similar levels. However, this was not observed and may reflect
differences in production, degradation, or use of different pro-
moters. A similar relative abundance pattern (miR-182 � miR-
183�miR-96) is seen in themouse retina (supplemental Fig. S3
and supplemental Table S3, data included from Ref. 41). The
relationship between the high expression of these miRNAs and
possible targets in the pineal gland and retina is discussed below
under “miRNA Effects on the Pineal Gland.”
Daily Changes in Pineal miRNA Levels—Examination of the

most abundant group ofmiRNAs in the pineal gland (miR-183-
96-182), revealed a maximum signal at mid-day (ZT 7) (Fig. 3).
Interestingly a recent report showed an apparent daily increase,
at ZT 13, in the miR-183-96-182 cluster in mouse retina (37);
both have similar amplitudes of 1.5–2-fold. Accordingly, it
appears that these daily changes are a conserved feature of the
miR-183-96-182 cluster in these tissues.
The marked difference between the relatively small daily

dynamics of all detectable miRNAs (Fig. 1) and the large daily
dynamics of protein-codingmRNAs in the rat pineal gland (17)
is striking.Whereas over 600 protein-coding transcripts exhibit
a 2- to �100-fold time of day difference in abundance (17), it
appears that the largest time of day difference in the abundance

FIGURE 4. Northern blot analysis of miRNA in selected tissues. Northern
blot analysis of 11 rat tissues reveals highly pineal gland and retina-enriched
miRNA expression. Animals were maintained in a light-controlled environ-
ment (light/dark 14:10). RNA was extracted and separated on 15% TBE-urea
polyacrylamide gels. Each panel presents a membrane that has been probed
with an LNATM probe, designed against the indicated miRNA (see under
“Experimental Procedures” for probe design and supplemental Table S1 for
sequences). The tissues examined are indicated at the top of the gel. Enrich-
ment of miR-183, miR-96, and miR-182 in the pineal gland and retina is appar-
ent. A probe for the ubiquitous miR-16 provides an indication of the presence
of small RNAs in each sample. A representative control probe against U6 RNA
is shown in the lower panel, and size markers are indicated on the right-hand
side (in nucleotides). For further details see “Experimental Procedures.”
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of amiRNA is notmuch greater than 2-fold. The significance of
this disparity is difficult to determine. One possibility is that
miRNAs in the pineal gland do not initiate the observed
dynamic changes in the abundance of mRNAs and proteins but
rather that they govern expression. A second possibility is that
the abundance of unbound (i.e. “free”) miRNAs changes dra-
matically by virtue of changes in binding partners (e.g. proteins
or long noncoding RNAs) and that this shift is masked because
extractionmethods recover both free and boundmiRNAs. Fur-
ther research might reveal that one or both of these modes of
action are active in the pineal gland.
Developmental Changes in miRNA Abundance Levels—As is

true of all tissues, there are significant developmental changes
in transcript levels in the pineal gland (45–47). The primary
mechanism driving the increase is most likely due to the
orchestrated expression of transcription factors (45–47). Our
finding of marked developmental changes in the most abun-
dant pineal miRNAs suggests an additional mechanism to con-
trol transcript and protein abundance, which may shape the
development of the pineal gland.
An interesting developmental change observed in this report

is the striking decrease in miR-483, which parallels a similar
decrease in the Igf2 transcript. The occurrence of miR-483
within an Igf2 intron and the similar developmental patterns of
expression point to the probability that these transcripts are
co-regulated (Fig. 6). This observation raises the possibility that

such co-regulation might be common and that conditions that
increase Igf2 will also increase miR-483 expression. As a result,
some effects attributed to Igf2 might in fact reflect the direct
effects of miR-483. For example, it is reasonable to suspect that
the removal of Igf2 imprinting through promoter demethyla-
tion (48) and mutations that lead to aberrant Igf2 expression
will also alter miR-483 expression, which in turn may contrib-
ute to the effects attributed to Igf2.

miRNA Effects on the Pineal Gland

Potential Actions of Pineal Gland-enriched miRNA—Pre-
dicted targets of the most abundant miRNAs expressed in the
pineal gland include 3,519 unique potential target genes based
on results obtained using TargetScan (6). Within this group of
potential targets, there are 64 expressed in the pineal gland at
high levels or on a time-of-day basis (supplemental Table S4)
(17). Genes that are relevant to pineal biology and have pre-
dicted binding sites formultiple pineal gland-enrichedmiRNAs
include Snf1lk,Per2, andMat2a. Snf1lkmay regulate the timing
of the peak of Aanat expression (49) and has predicted binding
sites for miR-182 and miR-96. Per2 has recently been reported
to have an endogenous circadian rhythm in pineal cells (50) and
may be targeted by miR-24 and miR-30. Mat2a has predicted
binding sites for miR-30 and miR-124. This enzyme is highly
expressed in the pineal gland (51) and catalyzes the formation
of S-adenosylmethionine, required for the Asmt-catalyzed

FIGURE 5. Developmental changes of selected miRNAs in the rat pineal gland. The most abundant miRNAs expressed in the adult pineal gland were
analyzed using the QuantiMiR real time PCR system (see “Experimental Procedures”). qRT-PCR was performed on developmentally staged samples derived
from rat pineal glands obtained the same day as birth (P0) and subsequent stages as follows: P2, P7, P14, P21, and P60. The expression of each miRNA is reported
as the mean � S.E. of the maximum signal in each assay, n � 3. Asterisk indicates significantly different (p � 0.01) patterns based on a one-way analysis of
variance. For further details see “Experimental Procedures.”
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O-methylation of N-acetylserotonin to form melatonin (51).
Igf1r has the largest number of predicted targets sites for pineal
miRNAs as follows: miR-182, miR-96, miR-378, miR-143, miR-
30, let-7, and miR-379 (supplemental Table S4). The role of
Igf1r in the pineal gland has not been fully established; however,
it has been suggested that cross-talk may exist between insulin
and noradrenergic signaling (52). Also, Igf1 may influence dif-
ferentiation of pineal cells (53). miRNAs may influence these
process through effects on Igf1.
Melatonin Synthesis—The synthesis of melatonin is tightly

controlled and has evolved to provide a stable nocturnal
increase that can adjust to the day length gradually throughout
the season, providing a robust timing signal, yet is highly sensi-
tive to light at night (reviewed in Ref. 18). The study of themost
dynamic enzyme in the synthesis of melatonin, Aanat, has
revealed a number of molecular mechanisms that control the
level of mRNA, protein, and enzyme activity (18). The work
presented in this study adds to this body of knowledge by find-
ing that miR-483 can impact Aanat mRNA stability, Aanat
activity levels, andultimately levels ofmelatonin.Aanat enzyme
activity is closely associated with changes in the Aanat protein

(18); hence, it is likely that the miR-483-induced decrease in
Aanat activity identified in this study reflects a decrease in
Aanat protein.
Aanat is expressed in retinal cells (54) but to a lower degree

than in the pineal gland (17). Interestingly we found that miR-
483 is �4 times more abundant in retinal tissue compared with
the pineal gland.3 The higher level ofmiR-483 expression in the
retina may in part explain the comparatively low abundance of
Aanat in that tissue.
Our findings are most relevant in an early development con-

text, whereby the high levels of miR-483 are likely to contribute
to the low levels of Aanat transcript. Accordingly, it is possible
that the primary role of miR-483 in the pineal gland early in
development is to suppress N-acetylserotonin production,
which, in addition to being the melatonin precursor, has a sig-
naling role (29). The reduction of melatonin production by
miR-483 suggests to us that miR-483 acts to govern melatonin
synthesis until innervation of the pineal gland matures and
functions to regulate melatonin synthesis.
It has been reported that melatonin can reduce the risk of

various cancers, including breast and prostate cancer (26). In
view of reports that miR-483 may be a marker of malignant
carcinoma (44) and that it can induce cellular proliferation in
hepatocellular carcinoma cells, it follows that an increase in
pinealmiR-483 could hypothetically lead to an increased risk of
cancer as a result of suppression of the claimed protective
effects of melatonin.

3 S. J. H. Clokie and D. C. Klein, unpublished observations.

FIGURE 6. miR-483 is co-expressed with Igf2 and follows a developmental
decrease in the rat pineal gland. A, miR-483 is an intronic miRNA in Igf2;
miR-483 is located within the second intron of Igf2 on the same strand; Igf2
exons are numbered Ex1, Ex2, etc. Primers used for qRT-PCR of Igf2 in B are
indicated with thick black arrows; qRT-PCR of miR-483 was done using the
QuantiMiR system. B, parallel developmental changes in miR-483 and Igf2;
qRT-PCR was performed on developmentally staged samples derived from
rat pineal glands obtained the same day as birth (P0) and subsequent stages
as follows: P7, P14, P21, and P60. miR-483 levels are shown with a solid line and
detected using the QuantiMiR system. Igf2 levels (dashed line) were deter-
mined using intron-spanning primers (indicated in A) on cDNA prepared by
random hexamer priming, as described under “Experimental Procedures.”
miR-483 was detected using a primer specific to the mature miR-483 (supple-
mental Table 1). Values are plotted as the mean percentage of maximum
signal from three independent measurements. Asterisk indicates significantly
different (p � 0.01) gene expression levels based on a one-way analysis of
variance. For further details see “Experimental Procedures.”

FIGURE 7. Screening pineal gland-enriched miRNAs for disruption of
melatonin synthesis. Pinealocytes were transfected with the indicated
miRNA for 24 – 48 h, followed by the addition of 10 nM NE to the culture
medium for the indicated time. Control treatments where no NE was added is
indicated by �NE control for each of the miRNA-transfected experiments.
Each mimic corresponding to miR-183, miR-96, and miR-182 was transfected
individually. Transfection of the cluster in combination had no effect on mela-
tonin synthesis (data not shown). N-Acetylserotonin and melatonin were
measured by mass spectrometry. Asterisk indicates significantly different (p �
0.05) patterns from a nonspecific (NS oligo) control value at the time point
indicated (two-way ANOVA analysis with Bonferroni post hoc analysis). For
further details see under “Experimental Procedures.”
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FIGURE 8. miR-483 regulates Aanat. A, qRT-PCR of Aanat. mRNA was extracted from pinealocytes transfected with 10 nM miR-483 and stimulated with 10 nM

NE for up to 24 h. Control indicates a control oligonucleotide that is not complementary to any sequence in the rat genome and was therefore used as a negative
control. Cell lysates were prepared in the presence of RNase inhibitors, phosphatase inhibitors, and DTT to preserve the integrity of RNA and the enzymatic
state of Aanat. Transcript number is normalized to Gapdh. The data are plotted as the mean of three independent experiments, and error bars indicate the S.E.
(*, p � 0.05, and **, p � 0.01), comparing miR-483 with the control at the indicated time point (two-way ANOVA with Bonferroni post hoc analysis).
B, miR-483 reduces Aanat enzyme activity in transfected pineal cells. Cell lysates were prepared and assayed for enzymatic activity as described under
“Experimental Procedures.” Aanat activity is shown as nanomoles of acetylated tryptamine per 80,000 pinealocytes/h (n � 3); error bars are S.E. 80,000 cells
correspond to �20% of an adult pineal gland. Asterisk indicates a significant (p � 0.04) difference (two-tailed t test). There were no statistically significant
differences at other time points. C and D, miR-483 reduces the production of the Aanat metabolite, N-acetylserotonin and melatonin. Samples of media
collected from cells treated as in A and B were analyzed for N-acetylserotonin and melatonin by mass spectrometry. Values are reported as nmol/80,000 cells,
and error bars report S.E., n � 3. Asterisk indicates significantly different (p � 0.05) values, performing a two-way ANOVA with Bonferroni post hoc analysis. For
further details see “Experimental Procedures.”

FIGURE 9. miR-483 regulates Aanat and melatonin synthesis in neonatal pinealocytes. Pinealocytes prepared from 2-day-old rat pineal glands were
transfected with a control miRNA inhibitor or an inhibitor directed toward miR-483 (each at 10 nM). The inhibitor used was a miRIDIAN microRNA hairpin
inhibitor (Thermo Scientific); inhibitors of this nature are chemically modified so as to promote their stability (40); they suppress levels of targeted miRNAs or
otherwise negate their effectiveness. Following a 36-h culture, the media were replaced with or without the addition of 1 nM NE. Cells were cultured for an
additional 12 h. A, qRT-PCR of Aanat transcripts. Cells were lysed; mRNA was extracted; cDNA was prepared, and Aanat transcripts were determined (normal-
ized to GAPDH). Data are the mean of three independent experiments, and error bars indicate S.E.; a two-tailed Student’s t test was performed on each pair, *,
p � 0.05. B and C, miR-483 inhibition increases production of N-acetylserotonin and melatonin. Melatonin and N-acetylserotonin in culture media were
measured as described under “Experimental Procedures.” Note N-acetylserotonin units are given as nmol/80,000 cells/12-h period, and melatonin levels are
given as pmol/80,000 cells/12-h period. Data are the mean of three independent experiments, and error bars indicate S.E.; a two-tailed Student’s t test was
performed on each pair, *, p � 0.05. For further details see “Experimental Procedures.”
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In summary, data presented here show striking tissue speci-
ficity and strong developmental changes in a group of miRNAs
in the pineal gland, providing a foundation for future work on
the role of miRNAs in the pineal gland. The finding of high
levels of the miR-182-96-182 cluster, as is known for the retina,
raises the question of whether common targets for this cluster
exist in these evolutionarily related tissues. Of special interest is
the discovery of high levels of miR-483 in the neonatal pineal
gland and the experimental evidence that miR-483 decreases
production of N-acetylserotonin and melatonin and lowers
Aanat transcript abundance. Together, these findings are con-
sistent with the conclusion that miR-483 acts early in life to
suppress melatonin production by promoting degradation of
Aanat transcript; elevation of miR-483 under pathological or
physiological circumstances might also suppress melatonin
production.
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Aransay, A. M. (2009) miRanalyzer. A microRNA detection and analysis
tool for next-generation sequencing experiments. Nucleic Acids Res. 37,
W68–W76

24. Friedländer, M. R., Chen, W., Adamidi, C., Maaskola, J., Einspanier, R.,
Knespel, S., and Rajewsky, N. (2008) Discovering microRNAs from deep
sequencing data using miRDeep. Nat. Biotechnol. 26, 407–415

25. Zuker, M. (2003)Mfold web server for nucleic acid folding and hybridiza-
tion prediction. Nucleic Acids Res. 31, 3406–3415

26. Reiter, R. J., Tan, D. X., Korkmaz, A., Erren, T. C., Piekarski, C., Tamura,
H., and Manchester, L. C. (2007) Light at night, chronodisruption, mela-
tonin suppression, and cancer risk. A review. Crit. Rev. Oncog. 13,
303–328

27. Li, H., Handsaker, B.,Wysoker, A., Fennell, T., Ruan, J., Homer, N.,Marth,
G., Abecasis, G., and Durbin, R. (2009) The Sequence Alignment/Map
format and SAMtools. Bioinformatics 25, 2078–2079

28. Quinlan, A. R., and Hall, I. M. (2010) BEDTools. A flexible suite of utilities
for comparing genomic features. Bioinformatics 26, 841–842

29. Shen, J., Ghai, K., Sompol, P., Liu, X., Cao, X., Iuvone, P. M., and Ye, K.
(2012)N-Acetyl serotonin derivatives as potent neuroprotectants for ret-
inas. Proc. Natl. Acad. Sci. U.S.A. 109, 3540–3545

30. Miranda, K. C., Huynh, T., Tay, Y., Ang, Y. S., Tam, W. L., Thomson,
A. M., Lim, B., and Rigoutsos, I. (2006) A pattern-based method for the
identification ofmicroRNA-binding sites and their corresponding hetero-
duplexes. Cell 126, 1203–1217

31. Fujita, P. A., Rhead, B., Zweig, A. S., Hinrichs, A. S., Karolchik, D., Cline,
M. S., Goldman, M., Barber, G. P., Clawson, H., Coelho, A., Diekhans, M.,
Dreszer, T. R., Giardine, B. M., Harte, R. A., Hillman-Jackson, J., Hsu, F.,
Kirkup, V., Kuhn, R. M., Learned, K., Li, C. H., Meyer, L. R., Pohl, A.,
Raney, B. J., Rosenbloom, K. R., Smith, K. E., Haussler, D., and Kent, W. J.
(2011) The UCSCGenome Browser database. Update 2011.Nucleic Acids
Res. 39, D876–D882

32. Varani, G., and McClain, W. H. (2000) The GxU wobble base pair. A
fundamental building block of RNA structure crucial to RNA function in
diverse biological systems. EMBO Rep. 1, 18–23

33. Pall, G. S., and Hamilton, A. J. (2008) Improved Northern blot method for
enhanced detection of small RNA. Nat. Protoc. 3, 1077–1084
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